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Abstract 
A multi-camera Digital Image Correlation (DIC) systems have been developed to match the specific requirements for 
measurements posed by building and petrochemical industries. The two most important issues are connected with considerable 
dimensions of objects and a time line of the measurements. Although DIC provides capabilities of scaling a field-of-view (FOV), 
dimensions of industrial installations in many cases are too big to be measured with DIC based on a single camera pair. In this 
paper we present two strategies that can be used for spatial stitching of the data obtained with multi-camera DIC systems, namely 
a strategy for the case when there are overlapping FOVs of 3D DIC setups and a strategy for the case when 3D DIC setups are 
distributed and not necessarily have overlapping FOVs. Two practical applications of the multi-camera DIC system are described 
in order to show its feasibility in industry. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Digital Image Correlation [1] is a well-established method for displacements, strains and shape measurements of 
engineering objects. Since its inception in early eighties [2] it went through many changes and modifications, which 
improved computation efficiency [3, 4, 5, 6, 7] and adapted the method to new application fields [8, 9], which 
include applications in industry [10]. Also various modifications of the basic method enabled new measurement 
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possibilities such as: 3D strain fields (Digital Volume Correlation DVC [11]) or performing measurements 
distributed in time [12].  
In recent years a few groups of researchers have been working on extending the range of applications than can be 
covered with DIC measurements. Most of the efforts have been focused on development of multi-camera DIC 
systems, in which data obtained with individual systems are stitched together in a common coordinate system. Orteu 
et. al in 2010 [13] presented an interesting enhancement of a standard camera calibration procedure, which enabled 
simultaneous calibration of 4 cameras used in 3D measurements of a sheet metal part during a Single Point 
Incremental Forming operation. In the calibration procedure a series of 4n images of a calibration target is acquired 
(all cameras are viewing the same target). Then, all unknown calibration parameters are being solved in the same 
minimizing procedure (in this case a Sparse Bundle Adjustment). In the presented solution one of the cameras is 
selected as a master camera and 3D data obtained with any pair of cameras used in the system is automatically 
referenced to the coordinate system of the master camera. It has to be noticed that calibration procedure is only 
possible, when all cameras are viewing the same calibration target (so there is a part of field of view which is 
common for all cameras used in the system). However, when bigger objects need to be measured it is not possible to 
assure common fields of view of all cameras. In such cases the cameras can be arranged in a wall-of-cameras 
configuration (for measurements of flat objects), or surrounding cameras (for cylindrical objects). Wang in [14] and 
Chen in [15] used surrounding cameras configuration for measurements of cylindrical objects. In both papers the 
authors used each two neighboring cameras as individual 3D DIC system. Each system has been calibrated 
separately, but with sequential utilization of geometrical transformation between cameras it was possible to reference 
all data to the common coordinate system. In the presented solution it was required to have some overlaid area in the 
field of view of neighboring cameras. Similar surrounding DIC system with three cameras has been presented by 
Hwang in [16]. However in this case, the cameras have been placed on a movable frame, what additionally increased 
the field of view. Somewhat different approach has been presented in [17] by Leblanc et. al. The Authors presented 
displacements and strains measurements of a wind turbine blade with a single, portable 3D DIC system. In this 
solution, 16 point clouds representing different areas of the object have been stitched together using some markers 
applied to the structure. The solution with portable 3D DIC system is restricted to static measurements only. In the 
paper we present a general approach to stitching of data from a multi-camera DIC system. The presented approach 
can be applied for measurements in the case, when there are overlaying fields of view of DIC cameras as well as in 
the case, when fields of view are distributed and there are no overlaying areas. In the paper we present two example 
applications of the methodology: measurements of metal plates segments and measurements of an installation in 
nitrogen plant. 
Nomenclature 
Tx, Ty, Tz T for translation vector and x, y, z as suffix for direction 
Rx, Ry, Rz  R for rotation vector and x, y, z as suffix for direction 
U, V, W  Displacements measured in x, y and z directions respectively 
2. Spatial data stitching strategies 
Multi-camera DIC systems can be applied to the wide variety of objects and the spatial data stitching algorithm 
has to be tailored as to fit different measurement strategies, namely: 
x A strategy when there are overlapping areas of fields of view of cameras of multi-camera DIC setup  
x A strategy when fields of view of cameras of multi-camera DIC setup are distanced from each other and 
there are no overlapping areas 
General data stitching procedure concerns measurements with multiple 3D DIC setups. The procedure is based 
on the standard camera calibration and geometrical transformation of the individual point clouds gathered in their 
own coordinate systems into a common coordinate system. Geometrical transformations between consecutive data 
sets are estimated using a set of markers whose 3D positions (xi, yi, zi) in an i-th coordinate system are known. At 
least 4 markers have to be viewed by each 3D DIC setup of the multicamera DIC system. The positions of markers 
in a common coordinate system can be obtained throughout different methods, i. e. image processing or geodetic 
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surveying. Determining of the transformation matrix between two coordinate systems (more specifically between 
two vectors of 3D positions of markers) is based on the Singular Value Decomposition (SVD) method [18]. The 
procedure is divided into two steps: 
x Bringing the data to the origin of the coordinate system by subtracting centroids of the vectors of markers 
x Estimating translation components and rotation component 
It has to be noted, that measurement resolution is not constant, because distances between individual 3D DIC setups 
and a measured object can differ. All data processing parameters and tresholds can be set individually for each 3D 
DIC setup in order to ensure the best quality of the results. More detailed description of both strategies is given 
below. 
2.1. Overlapping fields of view 
In this case, additional images of the calibration target viewed by at least two DIC setups has to be acquired to 
stitch the data sets. For this purpose, for example, a checkerboard can be used. The coordinate system of one of the 
setups has be selected as the main coordinate system. Knowing the 3D positions of markers in the local coordinate 
systems of both 3D DIC setups we can determine geometrical transformations between both coordinate systems. 
This strategy is applied for the first measurement task namely measurements of a 12m graded metal plate segment. 
The accuracy of the method has been discussed in [19]. 
2.2. Distributed fields of view 
In industry, the crucial parts of installations can be distanced by tens (or even more) of metres and therefore 
distributed configuration of multi-camera DIC system (with no overlapping areas of fields of view) has to be used. 
In order to determine transformation between individual 3D DIC setups, fiducial markers have to be applied to the 
object. Similarly to the previous strategy, 3D positions of all markers need to be referenced to the common 
coordinate system. As none of the 3D DIC setups view all markers at the same time, determination of markers’ 
positions has to be aided with another method, such as geodetic surveying. The accuracy of data stitching procedure 
in this case is dependent on a quality of a standard camera calibration of individual 3D DIC setups and on the 
accuracy of the aiding method. The second strategy has been applied in the second example described in this paper 
namely measurements of installation in a nitrogen plant. 
3. Measurements of 12m graded metal plates segment 
The measured object was a 12m span segment of a graded metal plates arch [20, 21]. The components of these 
structures are manufactured directly on building site using mobile production unit. First, single-wave trapezoidal 
profile is coldshaped from thick coiled steel sheet. Next, the curvature of a desired radius is obtained by corrugating 
the trapezoidal profile. The profiles are subsequently connected to each other by cold pressing of seams situated at 
the edges of upper flanges. In the presented experiment, the load was provided by a set of strings and longitudinal 
and transverse beams. The load was designed as to simulate the presence of a thick layer of snow on the roof of the 
arch. Two series of measurements have been carried out. In both series the object under investigation was 12m span 
hall’s arch made of graded metal plates. 
3.1. Measurement apparatus 
The measurements have been carried out with the use of multi-camera DIC system. The system consisted of eight 
5MPx Pointgrey cameras equipped with 8mm focal length lenses. Appropriate cameras were paired and served as 
four separate 3D DIC setups. The cameras of all setups were connected to the control computer as to synchronize 
the data acquisition procedure. Distribution of the cameras and locations of the field of views for the second 
measurement series are presented in Figure 1. Cameras were distributed similarly during the first measurement  
series. The fields of view of neighboring 3D DIC setups overlapped each other (Figure 1) and therefore it was 
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possible to use additional images of the calibration target (checkerboard in this case) in order to calculate 
transformation between consecutive3D DIC setups. 
 
Fig. 1. Distribution of the cameras and field of views during the measurements: (a) Setups 1, 2 and 3 (b) Setups 3 and 4; images of the calibration 
artifact captured during the second measurement series by (c) 3D DIC Setup 1 and (d) 3D DIC Setup 2. 
3.2. Data stitching results 
The DIC setup 2 (in both measurement series) was selected as a master setup and its coordinate system was 
selected as a global coordinate system. The field of view of Setups 1 and 3 overlapped each other so direct 
transformation from these setups to setup 2 could be determined. The field of view of the setup 4 overlapped the 
field of view of Setup 3. Transformation from setup 4 to setup 2 could be carried out sequentially: at first 
transformation from setup 4 to setup 3 and after transformation from setup 3 to setup 2. 
The transformations have been determined with the use of simultaneously acquired images of chessboard 
calibration artifact. The example images acquired by the Setup 1 and Setup 2 are presented in Figure 1c. Chessboard 
corners viewed by each camera have been detected and subsequently used to calculate 3D position of each marker in 
coordinate systems of the respective DIC setup. The accuracy of determination of 3D positions depends strongly on 
the quality of the standard camera calibration procedure, which has been carried out before the measurements start. 
The calibration errors obtained for each 3D DIC setup are presented in Table 1. 
Table 1. The errors of 3D calibration of each 3D DIC setup in both measurements series. 
3D DIC setup Cal. error [mm] Cal. error [px] 3D DIC setup Cal. error [mm] Cal. error [px] 
series 1 setup1 0.019 0,019 series 2 setup1 0.021 0,021 
series 1 setup2 0.019 0,019 Series 2 setup2 0.013 0,013 
series 1 setup3 0.023 0,034 series 2 setup3 0.021 0,031 
series 1 setup4 0.020 0,017 series 2 setup4 0.018 0,015 
 
In the next step, the transformation between coordinate systems of respective 3D DIC setups has been 
determined. The obtained results of data stitching (transformation parameters and obtained transformation errors) for 
both series of measurements are presented in Table 2. 
Table 2. The results of transformation calculations for both series of measurements. 
 T Tx[mm] Ty[mm] Tz[mm] Rx[mm] Ry[mm] Rz[mm] Terror [mm] Terror [px] 
S1 1->2 -3311.33 -46.18 521.27 0.0003 0.53 -0.02 0.62 0.6 
3->2 767.48 -174.79 -44.67 -0.03 0.11 -0.02 0.35 0.3 
4->3 3312.95 60.48 505.02 0.005 -0.43 0.01 0.43 0.5 
S2 1->2 -536.71 -120.60 -403.82 -0.06 -0.43 -0.03 0.48 0.5 
3->2 3021.06 -60.17 1577.21 0.012 -0.74 -0.02 0.24 0.2 
4->3 885.71 -150.78 -322 -0.07 0.39 0.007 0.25 0.3 
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One can observe that transformation errors were in most cases smaller than 0 5mm which is a good result taking 
into account dimensions of the measured object. Although Setup 4 and Setup 2 did not have an overlaying areas of 
fields of view, the transformation between these two setups could be determined sequentially (as a product of 4->3 
and 3->2). The final stitching error in this case is a sum of 3->2 and 4-> 3 errors. 
3.3. Results of measurements 
The data stitching procedure facilitated the analysis of data obtained with multi-camera DIC system. In Figure 2 
the displacements calculated for an example load state are presented. Displacements values have been coded in 
colour and overlaid on the point cloud obtained with the data stitching procedure. The example comes from the 
second series of measurements. 
 
Fig. 2 Example results of displacement measurements obtained from the second series of measurements after multi-camera DIC data stitching 
procedure: (a) U displacements, (b) V displacements, (c) W displacements.. 
Having the data in the common coordinate system also facilitated validation of numerical model of the arch. It 
was possible to extract information about displacements and strains for any point of the obtained point cloud. In the 
presented case the following information have been extracted from the measurements and consequently used to 
validate the numerical model of the hall’s arch: 
x Displacement values and displacement directions in the force application points 
x Absolute displacement values in the center of the hall's arch 
x Strain values in selected points 
x Shape of the arc measured along a selected segment 
4. Measurements of installation in a nitrogen plant 
The second application of multi-camera DIC system concerns monitoring of a pipeline installation in a nitrogen 
plant, that is prone to frequent malfunctions. After years of service, the actual displacements of supports and 
suspensions of the pipeline did not correlate with design assumptions. It is difficult to predict where exactly the 
installation is going to fail next time, instead it is possible to indicate the crucial parts of the installation to be 
monitored [22]. The installation contains three individual pipelines: a supply pipeline and two outlet pipelines. All 
three pipelines are connected in one element called ’the cube’. The data about the installations have been gathered 
over years of service. Back to 80s or 90s during each overhaul the point displacements have been measured by 
geodetic surveying. The modern measurement techniques, such as DIC, enable much more sophisticated analysis 
but it is important to keep a coherence between results obtained with old and with modern techniques. It can be 
achieved by referencing the DIC measurements to the global coordinate system (determined by previous 
measurements). However, because of the dimensions of the installation and its complex shape it was not possible to 
cover whole installation with the DIC measurements. Instead, a multi-camera DIC system containing three 3D DIC 
setups has been used to monitor crucial parts of the installation. Multi-camera DIC system provided information 
about local displacements strain fields as well as information about total elongation of the pipelines segments. The 
main aim of the measurements was to monitor the displacement and strain fields of the installation during shutdown 
(before the repair works) and during start-up (after finishing the repair works) in order to develop a new and updated 
numerical model of the installation. Both series of measurements lasted for approximately ten hours. 
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4.1. Measured object and multi-camera DIC setup 
Three crucial areas of the installation have been selected to be monitored with multi-camera setup: 
x The reactor's cube 
x Vertical fragment of a supply pipeline 
x Horizontal fragment of one of the outline pipelines 
The locations of individual 3D DIC setups and their areas of interest (marked with checkerboard patterns) are 
shown in Figure 3a, b and c. Each DIC setup consists of two PointGrey Grasshopper 5Mpx cameras. The 
measurements have been also aided with temperature measurements (IR camera and pyrometer). The IR camera has 
been installed together with cameras of the DIC system 1 (see Figure 3a). 
 
Fig. 3. Monitoring of a nitrogen installation: (a) view of the installation with indicated locations of three DIC setups and the location of AOI 1, 
(b) view of the location of AOI2, (c) location of the DIC setup 3 and location of AOI3. 
Because of the large dimensions of the installation and distances between selected areas to be monitored, it was 
necessary to use a distributed configuration of the multi-camera DIC system. The spatial data stitching strategy was 
based on determination of transformation matrices by means of geodetic surveying. 
4.2. Data stitching 
Several fiducial markers (labeled as points P, Figure 4), which could be easily detected with image based 
measurement methods, have been placed in the areas of interest. Each DIC setup viewed at least 5 markers. 3D 
position of each marker has been calculated in the coordinate system of appropriate DIC setup. In the next step, 3D 
position of each marker has been determined by geodetic surveying in the global coordinate system. The global 
coordinate system was consistent with former surveying and technical drawings of the installation. Example images 
with fiducial markers acquired by DIC systems are presented in Figure 4. Markers have been removed before the 
displacement measurements start as not to obscure the areas of interest. 
 
Fig. 4. Field of views with marked positions of fiducial markers and locations of points of further analysis: (a) DIC setup1, (b) DIC setup2, (c) 
DIC setup3; (d) isometric view of one of the pipelines in the measured installation.. 
3D positions of markers have been then used to stitch the data obtained with multi-camera DIC system. In this 
case, the aim was to determine transformations between local 3D DIC coordinate systems and the global coordinate 
system of geodetic surveying. The determined transformations values together with the transformation errors are 
presented in Table 3. The lack of data for DIC setup2 in the measurement series2 was due to the fact, that the 
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markers placed in the field of view of the DIC setup2 had to be removed before the repair (just after the first 
measurement series). 
Table 3. Parameters of the transformation between local coordinate systems and the global geodetic coordinate system. 
DIC setup Tx[mm] Ty[mm] Tz[mm] Rx[mm] Ry[mm] Rz[mm] Terror [mm] Terror [px] 
s1 setup1 120670 -11685 280366 -0.02 -3.08 0.05 2.59 1.5 
s1 setup2 279909 52561 92563 0.02 2.93 -1.05 52.08 25.8 
s1 setup3 -3834 198799 235607 2.11 0.02 -0.04 5.08 8 
s2 setup1 - - - - - - -  
s2 setup2 289559 -79401 17159 0.03 -2.66 -1.52 58.22 22.8 
s2 setup3 -10562 197077 236683 2.11 0.02 -0.01 9.74 14.1 
The biggest Terror (more than 50mm) has been obtained for DIC setup2 in both measurement series. The DIC 
setup2 covered the biggest area of interest, what made the camera calibration process quite di cult. The big 
calibration error influenced the accuracy of markers detection and in consequence hindered the estimation of the 
transformation matrix. Using bigger calibration target during calibration process and applying more markers in the 
area of interest would significantly increase the quality of transformation estimation process. Transformation errors 
obtained in other two DIC setups were lower than 10mm what is acceptable in industry. However, it must be pointed 
out that the accuracy of transformation can be significantly increased (especially for the setup2) in future 
measurements by: 
x Utilization of more precise, global measurement method (such as laser trackers) 
x Utilization of bigger calibration target 
x Application of more markers in the field of view 
x Preparation of markers, which can be more accurately detected by image processing 
Having data from all DIC setups in the common, global coordinate system enabled global analysis of the 
behavior of the installation. Example results of total U, V and W displacements and relative temperature change 
obtained for one of the pipelines are presented in Figure 4d. The pipeline was observed in the field of view of DIC 
setup1 and the field of view of DIC setup2. The displacements presented in Figure 4d have been measured in both 
measurement series in points A1 and B3. The exact locations of the selected data points are also presented in Figure 
4. 
The main advantage of the presented combination of local and global measurements over a simple geodetic 
surveying is that displacements of each point of the installation which is viewed by one of the DIC setups can be 
individually analyzed after the measurements. This is especially important in the case when behavior of the object is 
di cult to be predicted (e.g. industrial installations after many years of service). Stitching the data from a few DIC 
setups and transforming obtained data to the global, geodetic coordinate system allows to use much more data for 
modification or validation of a numerical model as well as to give more detailed estimation of the health of crucial 
areas of the installation. 
5. Conclusions and future works 
In the paper, two different strategies of data stitching, obtained with multi-camera DIC systems, are presented. 
The first strategy has been used to extend the field of view of a standard 3D DIC system in measurements of a metal 
plates segment and in this way it was possible to present displacement maps of relatively complex object in a 
common coordinate system. The second strategy, in which geodetic surveying is used to reference DIC data to the 
global coordinate system, is well-tailored for measurements of big installations in industry. The combination of local 
and global data can be extremely helpful for calibration of the numerical models of old installations, which after 
years of service do not operate in accordance to design assumptions. Although in two of three field of views 
relatively good quality of transformation has been achieved there is still space for improvement. The 
transformations, between local (DIC) and  global (geodetic) coordinate systems, accuracy determination quality is 
dependent on the surveying, image processing procedures, DIC setup calibration and markers detection quality. The 
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latter source of possible errors is also connected with the quality of markers themselves. Increasing quality of all 
mentioned components of the data stitching procedure will allow to keep the transformation errors at the level of 
2÷3mm (or less than 1px). The main task in the future consists in decreasing transformation error in the case of 
distributed multi-camera DIC measurements. In order to accomplish this, a more precise method for markers 
position (e.g. laser trackers) will be used. 
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